Porous biopolymer hydrogels doped at 3-6 wt% with 50 nm diameter/0.8 μm long natural clay nanotubes were produced without any cross-linkers using the freeze-drying method. The enhancement of mechanical strength (doubled pick load), higher water uptake and thermal properties in chitosan-gelatineagarose hydrogels doped with halloysite was demonstrated. SEM and AFM imaging has shown the even distribution of nanotubes within the scaffolds. We used enhanced dark-field microscopy to visualise the distribution of halloysite nanotubes in the implantation area. In vitro cell adhesion and proliferation on the nanocomposites occur without changes in viability and cytoskeleton formation. In vivo biocompatibility and biodegradability evaluation in rats has confirmed that the scaffolds promote the formation of novel blood vessels around the implantation sites. The scaffolds show excellent resorption within six weeks after implantation in rats. Neo-vascularization observed in newly formed connective tissue placed near the scaffold allows for the complete restoration of blood flow. These phenomena indicate that the halloysitedoped scaffolds are biocompatible as demonstrated both in vitro and in vivo. The chitosan-gelatineagarose doped clay nanotube nanocomposite scaffolds fabricated in this work are promising candidates for tissue engineering applications. † Electronic supplementary information (ESI) available. See Fig. 12 Laser Doppler instrument-images of the implantation area: A -3 weeks after implantation of CHAG, B -3 weeks after implantation of CHAG-6 wt% HNTs, C -6 weeks after implantation of CHAG, D -6 weeks after implantation of CHAG-6 wt% HNTs, and Euntreated rat. Note the improvement of blood perfusion after 6 weeks after implantation. Black circles indicate the implant area.
Introduction
The demand for replacement of lost or damaged tissues and organs is large and cannot be fully satisfied with transplantation from donors. In particular, transplantation is hindered by the lack of entirely immunologically compatible tissues. Besides, the transplantation material may not be available for a long time. Therefore, the fabrication of a prototype tissue having functional properties close to the natural ones is crucial for effective transplantation. Tissue engineering scaffolds are typically used as supports which allow cells to form tissue-like structures essentially required for the correct functioning of the cells under the conditions close to the three-dimensional tissue. The use of two-dimensional cell monolayers in cell and tissue growth, development and differentiation is considerably limited by the low compliance of monolayer conditions to natural cell environment, and as a result the monolayer cell culture is not capable of forming complex intrinsic cellular structures such as trophoblast vesicles and the placenta. 1 Therefore, a number of researchers have focused on the elaboration of novel techniques to create 3D tissue engineering scaffolds. 2, 3 This quest is stimulated by both traditional technologies of organ and tissue transplantation 4 and the development of new advanced technologies in tissue engineering, such as 3D bioprinting 5 and computerassisted prototyping. 6 Typically, the three-dimensional matrix scaffolds for cell cultivation should have sufficient mechanical strength and porosity, minimum diffusion restriction and allow for their fabrication using convenient and scalable technologies. Last but not least, biocompatibility and biodegradability of scaffolds are essential. In recent years, several papers have reported the fabrication of tissue engineering scaffolds for tissue engineering of liver, 7 bladder, 8 neural tissue, 9 skin, 10 bone, 11 cartilage 12 and ligaments 13 using various combinations of natural and synthetic polymers and dopants. In addition, several reports have demonstrated the fabrication of polymer-carbon nanotube nanocomposites for tissue engineering of bone tissue. [14] [15] [16] A novel paradigm termed "nanoarchitectonics" has been proposed recently, offering the novel design and fabrication of functional materials using the dynamic harmonization of atomic-/ molecular-level manipulation, chemical nanofabrication, and self-and field-controlled organization. [17] [18] [19] Although several approaches utilising different polymers have been suggested to mimic the natural conditions for the development and growth of cells and tissues, 2,3,7-12 a universal solution to fabricate highly biocompatible biomimetic tissue matrixes still does not exist.
Here we focused on a combination of three biopolymers, chitosan and agarose ( polysaccharides), and a protein gelatine, as the materials to produce tissue engineering scaffolds. Chitosan, a natural biodegradable and chemically versatile biopolymer, has been effectively used in antibacterial, antifungal, 20 anti-tumour 21 and immunostimulating 22 formulations. Recently, chitosan has been extensively used for the development of scaffolds for tissue engineering. To overcome the disadvantages of pure chitosan scaffolds such as mechanical fragility and low biological resistance, chitosan scaffolds are typically doped with other supporting compounds which allow for mechanical strengthening, thus yielding composite biologically resistant scaffolds. Agarose is a galactose-based backbone polysaccharide isolated from red algae, having remarkable mechanical properties which are useful in the design of tissue engineering scaffolds. Gelatine is formed from collagen by hydrolysis (breaking the triple-helix structure into single-strand molecules) and has a number of advantages over its precursor. It is less immunogenic compared with collagen and it retains informational signal sequences like the Arg-Gly-Asp, thus promoting cell adhesion, migration, differentiation and proliferation. 23 These biopolymer components are typically doped with nanofillers to enhance both the biological compatibility and the mechanical properties of scaffolds. 24 The surface irregularities of the scaffold pores due to the insoluble nanosized components promote the best adhesion of the cells on scaffold materials, while the nanoparticle fillers increase the composites' strength. In this study we also employ a promising nanosized naturally derived materialhalloysite nanotubes (HNTs)which has been successfully used in several recent publications. [25] [26] [27] [28] [29] [30] [31] Here we propose doping halloysite nanotubes into a chitosan-agarose-gelatine matrix to design the implantable 3D cell scaffolds. Halloysite nanotubes (Al 2 Si 2 O 5 (OH) 4 ·nH 2 O) are dioctahedral clay minerals that can be found in soils and weathered rocks. Halloysite tubes have length in the range of 0.3-1.5 µm; the inner diameter is ∼10-20 nm and the outer diameter c. ∼40-70 nm. The tubes' alumina innermost surface is positively charged while the silicate outermost surface is negatively charged (ca. −30 mV). Halloysite has an inner lumen and can be loaded with different functional agents (drugs, antiseptics, functional peptides, etc.) 32, 33 and may be used as nanocontainers. We recently fabricated nanocontainers with enzyme-activated end-stoppers for cell targeting and controlled drug delivery. [34] [35] [36] Due to the hydrophilicity of halloysite and its small dimensions, the pristine nanotubes can be easily dispersed in water by mechanical stirring or sonication. During mixing of negatively-charged halloysite with cationic chitosan in a dilute acidic solution, a chitosan-HNT complex is formed via electrostatic interactions. Also, the Al-O-H and silanols on the surfaces of halloysite can form hydrogen bonds with the amino-group and hydroxyl groups of chitosan. Therefore, chitosan has good interfacial compatibility with halloysite and can be easily dispersed in chitosan. Other tubular nanoparticles, such as carbon nanotubes, (CNTs) and nanofibers have been successfully utilised as functional fillers for nanocomposites used in tissue engineering. 37, 38 However, there have been reports on the potentially harmful effects of carbon nanotubes. Particularly, Poland et al. demonstrated high toxicity of CNTs outlined by the inability of macrophages to fully engulf the tubes. 39 As a consequence, this leads to recruitment of inflammatory cells and mesothelial cell damage, causing the chronic inflammation and granuloma development. In contrast to CNTs, phagocytes were shown to effectively phagocyte HNTs. 29 In addition, halloysite nanotubes showed low toxicity levels in experiments with microworms Caenorhabditis elegans, yeast cells and human cells. [40] [41] [42] Moreover, they are naturally available and much cheaper than carbon nanotubes. Although halloysite nanotubes are more fragile than CNTs 43,44 they can provide a significant improvement in polymer tensile strength: addition of even 5-10 wt% of halloysite to polymer solution doubles the composite strength. [45] [46] [47] 
Materials and methods

Materials
Chitosan (high molecular weight), agarose (low melting point) and gelatine were purchased from Sigma-Aldrich; cell culture media and buffers (DMEM, RPMI, PBS, antibiotics) were obtained from Gibco, and foetal bovine serum (FBS) was purchased from Invitrogen. Halloysite nanotube powder was a gift from Applied Minerals Inc., USA. All chemicals were used without further purification. Ultrapure water purified using the Millipore MilliQ reverse osmosis system was used throughout.
Cell cultures
Cell lines (A549 (human lung adenocarcinoma cells), Hep3B (human hepatoma cells), HepG2 (human hepatoma cells), PC3 ( prostate cancer cells) and HCT116 (human colorectal carcinoma cells)) were obtained from American Type Culture Collection (ATCC). All cells (except HCT116) were cultivated in DMEM medium supplemented with 10% of FBS, 0.1% penicillin (10 U mL −1 )/streptomycin (10 μg mL −1 ). The HCT116 cells were cultivated in RPMI medium supplemented with 10% of FBS, 0.1% penicillin (10 U mL −1 )/streptomycin (10 μg mL −1 ). Before and during the experiments all cell cultures were incubated under a humidified atmosphere with 5% CO 2 at 37°C.
Fabrication of chitosan-agarose-gelatine (CHAG) and CHAG-HNT porous hydrogel scaffolds
Chitosan (1%), agarose (2%), and gelatine (1%) were dissolved in aqueous 1% acetic acid ( pure or supplemented with halloysite nanotubes) and then incubated overnight at room temp-erature. Three types of composite scaffolds were fabricated: without halloysite (control), 3 wt% or 6 wt% of halloysite. Prior to mixing, the halloysite suspension was sonicated for 1 hour to obtain a good aqueous dispersion. Then the mixed biopolymer solution was heated in a water bath (80°C) for 2 h to melt the mixture.
To obtain polymer scaffolds with cylindrical shapes, the solutions were poured into 12 or 24 plastic well plates and frozen at −80°C overnight. Frozen polymeric gel pillars were lyophilized by freeze-drying (Labconco Free Zone 2.5) at −50°C and 0.03 mbar for 48 h. To sterilize the scaffolds, they were UV-irradiated for 1 h. Before in vitro and in vivo assays, the scaffolds were neutralized by immersing into 0.1 M NaOH for 1 h, sterilized using 70% ethanol for 30 min, rinsed twice with DPBS and soaked overnight in full growth media (DMEM or RPMI supplemented with 10% of FBS, 0.1% penicillin (10 U mL −1 )/streptomycin (10 μg mL −1 )) under a humidified atmosphere with 5% CO 2 at 37°C.
Swelling properties
The water sorption capacity of biocomposite scaffolds was determined gravimetrically. The scaffolds with determined weights were immersed in DPBS ( pH 7.4) and incubated at 37°C. Then the scaffolds were removed from DPBS within the following intervals: 10 min, 30 min, 2, 4, 6, 8, 24, 48, and 72 h; and immediately weighed using an analytical balance. Excess water was removed using filter paper prior to weighing. The swelling ratio (SR) was calculated using the equation:
where W s and W d are the weights of the scaffolds at the swelled and the dry state, respectively. Experimental data were expressed as the mean ± standard deviation (SD) for n = 3.
Fourier transform infrared (FTIR) spectroscopy
Pure and halloysite-doped scaffolds were pressed into thin films and analysed using a Fourier Transform Infrared (FTIR) spectroscopy instrument (Thermoscientific, Matheson Genesis II).
Dynamic mechanical analysis (DMA)
Mechanical analysis of the scaffolds obtained was performed using a NETZSCH DMA 242 instrument based on the parallel plate measurement system operating at 1 and 5 Hz. The sample dimensions were 1.77 × 3.50 mm mm −2 . The temperature scans were performed at 25-100°C at a 2°C min −1 heating rate.
Tensile strength measurement
The tensile strength of the scaffolds was measured using an ADMET tensile testing machine. The samples were cut into thin ∼7 mm long strips (width 5 mm, thickness 1 mm). Each sample was secured between the holders of the machine leaving an overall gage length of 4 mm. The tensile strength was measured until there was a crack in the material. The peak load and Young's modulus of the sample were recorded, experimental data were expressed as the mean ± standard deviation (SD) for n = 3.
Microscopy
Adhesion and growth of cells on the scaffolds' surface were analysed using scanning electron microscopy (SEM) and confocal laser scanning microscopy (CLSM). The cells were seeded on the scaffolds (0.5 × 10 6 cells per scaffold) and grown for 5 days in DMEM high glucose with L-glutamine supplemented with 10% foetal bovine serum and 1% penicillin-streptomycin solution with medium replaced daily. For SEM imaging CHAG and CHAG-HNT scaffolds with cells were fixed in 2.5% glutaraldehyde in DPBS for 1 h. The specimens were then dehydrated with ethanol and dried in air. The scaffolds were gold-sputtered using a BalTec sputter coater. Images were obtained using an Auriga (Carl Zeiss) SEM operating at 20 kV accelerating voltage. SEM was also used to investigate the topography of cell-free scaffolds.
Atomic force microscopy (AFM) images were obtained using a Dimension FastScan instrument (Bruker) operated by using Bruker Nanoscope software in ScanAsyst™ mode in air using silicon-nitride ScanAsyst Air probes (nominal tip radius 2 nm).
The roughness values were obtained by processing the images using NanoScope Analysis v.1.6. software (Bruker).
For confocal laser scanning microscopy (CLSM) imaging, the samples were stained with fluorescein diacetate (staining the cytoplasm of viable cells) and DAPI (for nuclei DNA visualization) for 15 min in the dark, fixed in 4% paraformaldehyde (PFA) in DPBS for 20 min, washed twice and then dehydrated with cooled anhydrous acetone until complete evaporation. The dried scaffolds were embedded in Eukitt® quick hardening mounting media (Sigma-Aldrich).
For cytoskeleton visualization, the specimens were stained with phalloidin Alexa Fluor 488 (Molecular Probes). Briefly, the scaffolds were washed twice with DPBS, and fixed in 4% PFA for 20 min. The cells grown on the scaffold surface were permeabilized using 1% Triton X-100 (Sigma-Aldrich) for 3 min and washed twice. The specimens were treated with 1% bovine serum albumin (Sigma-Aldrich) in DPBS to reduce the non-specific background. Commercially available phalloidin conjugated with Alexa Fluor 488 (Life Technologies) was diluted in methanol as recommended by the manufacturer and the working solution was prepared in a ratio of 1 : 40. The specimens were stained for 30 min and the nuclei were counterstained with DAPI. The samples were embedded in Eukitt mounting media. Confocal images and a footage demonstrating the 3D distribution of cells in the matrix (Z-stack) were obtained using an LSM 780 instrument (Carl Zeiss) equipped with helium-neon and argon lasers and apochromatic lenses, operated by using ZEN software (Carl Zeiss).
Enhanced dark field (EDF) microscopy images of halloysite in unstained histological sections were obtained using an Olympus BX51 upright microscope equipped with a CytoViva® enhanced dark-field condenser.
Viability assays MTT assay. A qualitative in situ viability assay of scaffolds used as substrates for A549 and Hep3B cells (5-days culture) was performed by depositing them into microwell plates and subsequent incubation with 2 ml of DMEM and 200 µl of MTT (dimethylthiazoldiphenyltetrazolium bromide) solution (5 mg mL −1 ; Sigma-Aldrich) per well for 4 h at 37°C under a humidified atmosphere with 5% CO 2 . Dark purple colour indicated the viability of cells coating the scaffolds. Images were captured using a colour digital camera.
Resazurin reduction assay. Scaffolds inoculated with cells were incubated for 5 days in DMEM at 37°C under a humidified atmosphere with 5% CO 2 , and the media were replaced daily. Then the media were replaced with resazurin solution (100 µg mL −1 ) in DMEM and left for additional 24 h. 100 µl of the reaction media from each experimental well were transferred to the 96-well plates, and the colour density was measured using a microplate spectrophotometer (Thermo Fisher Multiskan) at 570 nm. Experimental data were expressed as the mean ± standard deviation (SD) for n = 3.
In vivo biocompatibility investigation
Experiments were carried out according to the ethical principles established by the European Convention for the Protection of Vertebrate Animals used for experimental and other scientific purposes (adopted in Strasbourg 18.03.1986 and confirmed in Strasbourg 15.06.2006). Each experimental group consisted of 4 male Wistar rats, weighing between 250-350 g. The animals were housed in cages, with 12-12 h light/dark cycles, and were allowed normal activities under standard laboratory conditions. The rats were fed with standard grain nutrition supplemented with vitamins and minerals and water ad libitum. Before experiments the animals were intramuscularly (IM) premedicated with atropine sulfate solution (0.04 mg per kg body weight (BW)). Then the animals were IM anesthetized with Zoletil® (mixture (1 : 1 v/v) of tiletamine hydrochloride (250 mg ml −1 ) and zolazepam hydrochloride (250 mg ml −1 )) at a concentration of 7.5 mg per kg BW. After removing hair from the dorsal area, the skin was disinfected using 70% ethanol solution. Next, one 1.5-2.0 cm long linear incision was made. Then the scaffolds (diameter 1.5 cm, thickness 2.0 mm) were implanted subcutaneously. The skin and subcutaneous tissues were closed with a simple-interrupted suture. After the surgery, an antibiotic (ceftriaxone, IM 20 mg per kg BW) was administered and the surgery area was treated with brilliant green solution in ethanol. After 3 and 6 weeks, the different groups of rats were euthanized using a lethal dose of Zoletil®. Skin samples with subcutaneous tissues from the implant area and from the brain, kidney, liver, heart, spleen, lymph nodes and testicles were collected, and fixed in 10% formaldehyde solution for subsequent histological analysis. Thin paraffin sections were stained with haematoxylin and eosin (H&E) according to the standard protocol 48 and embedded into Canadian balm.
Blood vessel formation around scaffolds (laser Doppler analysis)
A laser Doppler blood flow meter, Easy LDI (Aimago), was used to measure blood perfusion in the area of implanted scaffolds after 3 and 6 weeks after scaffold implantation. The animals were sedated with diethyl ether using a inhalation camera, then they were placed at a fixed reference point of 15 cm from the scanner, and the LDI uses a 12 mW helium-neon laser beam that sequentially scans a 10 × 10 cm surface area in the region of interest to measure blood flow.
Results and discussion
The fabrication procedure we elaborated in this paper is sketched in Fig. 1 . We decided to avoid using any cross-linkers which can be toxic for cells. The resulting scaffolds demonstrate the shape memory upon deformation and have the porous structure suitable for cell adhesion and proliferation which is essential for artificial tissue fabrication. Here we describe the preparation, mechanical properties and in vitro and in vivo analysis of biocompatibility of natural nanocomposite chitosan-agarose-gelatine porous 3D hydrogel scaffolds enhanced with a ceramic "skeleton" of natural clay nanotubes.
Halloysite-doped biocomposite scaffolds demonstrate extraordinary cell growth
Characterization of the scaffolds. The polymer porous pillars were sliced to obtain discoid scaffolds having thicknesses of ca. 1.5-2 mm and 15 mm diameters ( Fig. 2A-C) . The Fig. 1 A scheme demonstrating the fabrication of halloysite-doped scaffolds and the subsequent biocompatibility assays. morphology of the lyophilized composite sponges of all three types (CHAG, CHAG-HNTs 3 wt%, CHAG-HNTs 6 wt%) was studied using SEM ( Fig. 2D-F ). All the samples exhibited the pronounced porous microstructure having irregular pore shapes and sizes. Particularly, CHAG exhibited a honeycomblike structure with slightly more pronounced porosity. We found that doping with halloysite nanotubes does not significantly affect the pore sizes in the biocomposite scaffolds, however the halloysite-doped samples demonstrate a more regular arrangement of 400-600 µm pores, which is consistent with a previous report. 49 We could not resolve the position of a single halloysite tube in these SEMs (however, AFM was applied to show the nanotubes in the samples, see below) but these nanotubes consist of 0.25%-4%, i.e. one sixteenth mass of the composite and even a smaller volume fraction of ca. 1/40 parts by volume. For example, in the scaffold cube of a 1 µm edge there will be 15-20 halloysite nanotubes. Therefore, halloysite does not produce an interconnected network but rather one can imagine the composite structure more similar to the fish bone distribution.
Cell growth and viability testing
We employed two types of human cancer cells (A549 and Hep3B) to estimate the biocompatibility of biocomposite scaffolds in vitro. The cells were seeded on the porous scaffolds providing a suitable growth support for effective cell proliferation. A combination of FDA and DAPI dyes along with the confocal visualization was employed to demonstrate the distribution of cells on the scaffolds. SEM and confocal imaging clearly demonstrate that the cells were grown and spread on the walls of the pores (Fig. 3) and they retained the characteristic cellular morphology. As shown in confocal images, the cells are evenly distributed on the surfaces of the scaffolds, demonstrating the monolayer growth of both A549 and Hep3B. We also employed 3D reconstruction imaging (using CLSM Z-stacking) to demonstrate the spatial distribution of cells inside the matrix pores (Video 1 in the ESI †).
To demonstrate the normal cell morphology and ability to spread on the surface during the growth, we employed F-actin cytoskeleton staining (Fig. 4 ). Different cell lines were used to estimate the biocompatibility of scaffolds for the wide range of cell cultures. As a result, we demonstrate here that the porous halloysite-hydrogel scaffolds are suitable for at least several varying cell cultures and did not affect the cytoskeleton formation during the cell growth which allows for cell attachment and distribution on the scaffold surface. This finding is exceptionally important for the practical use of the scaffolds in vivo, since the effective attachment of the cells plays an important role in surface colonisation and tissue growth. Next, we performed a slightly modified in situ MTT test to demonstrate the viability, proliferation and distribution of cells on the halloysite scaffolds. Typically, the procedure is based on measuring the optical density of the purple formazan produced as a result of MTT reduction by live and metabolically active cells. The numerical values of optical density correspond to the number of viable cells. 50 Here, however, we resorted on the qualitative demonstration based on the incubation of cell-coated scaffolds with MTT in cell culture plates (Fig. 5 ). After incubation, the formazan crystals had been transformed by living cells grown on scaffolds yielding dark purple solution if compared with cell-free scaffolds.
Along with the MTT test, we have used the resazurin (Alamar Blue) assay to demonstrate the viability of cells growing on scaffolds ( pure and halloysite-doped). This method allows for confirming the spreading and metabolic activity of cells on the scaffolds. The test is based on the metabolic activity of mitochondria reducing the blue dye resazurin to the pink dye resorufin. 51 The resazurin assay demonstrated only a slight decrease of the metabolic activity of cells seeded on scaffolds with 6 wt% of halloysite. 
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Characterization of the mechanical properties of the scaffolds Mechanical stability, flexibility and elasticity of the tissue engineering scaffolds are of great importance because the structural stability is essential to withstand stresses incurred during in vitro cultivation and in vivo implantation. Macroscopic observations have confirmed that all the samples of scaffolds exhibited the sponge-like behaviour with the shape memory and shape reconstitution after deformation both in wet and dry states. Atomic force microscopy was applied to demonstrate the incorporation of halloysite nanotubes into the polymer matrix ( Fig. 6A-H) , also confirming that the incorporation of nanotubes increases the surface roughness of the scaffold surfaces. Apparently SEM imaging did not allow visualising the matrix-embedded nanotubes because of the sputtercoating applied prior to imaging, whereas the direct AFM imaging in PeakForce Tapping® mode allowed resolving the single nanotubes positioned close to the scaffold surface. To further investigate the mechanical properties of the scaffolds obtained, we applied Dynamic Mechanical Analysis (DMA). Using a DMA analyser, we have investigated the elasticity of biocomposite scaffolds as one of the most important mechan-ical parameter for biopolymer matrixes. Adding halloysite into scaffold composition caused minimal changes in structural features but significantly influenced the elastic modulus (E′) behaviour of materials and consequently the mechanical strength and thermostability. Fig. 6C , F and I show the temperature scans obtained by DMA. The first peak of the elastic modulus of CHAG, when exposed to a frequency of 1 Hz, is observed at 37.6°C and centred around 2.850 MPa (Fig. 6C) . With increasing temperature, we observed the rise of the elastic modulus; local maxima (3.136 MPa and 3.249 MPa) coincided with a proportional reduction in the dielectric loss tangent (tan σ). Within the studied temperature range, we observed the increase of the dielectric properties of the sample and its heat resistance. Heating of HNT-doped samples (Fig. 6F ) from 42.2°C to 75.9°C leads to a significant increase of the elastic modulus. The second peak of the elastic modulus (at 87.2°) coincides with the lowest tan σ in the temperature range from 50 to 100°C. The increasing value of the elastic modulus of the samples is due to their sintering or glass transition, while the decrease of the elastic modulus shows melting or destruction of the sample and reduction of the dielectric properties. In addition, we performed the tensile strength testing of the composite scaffolds. We have revealed that halloysite addition leads to an increase of the Young's modulus and thus the tensile strength of the samples with halloysite is higher than that of the pure biopolymer scaffold ( Table 1) .
The strength of the samples studied was compared to that of a cellulose sample, which has been characterised by Xing et al. 3 The samples described in this work endured a peak load of 20 MPa and had a Young's modulus of 330 MPa. The highest peak load and Young's modulus of our current samples are 1.5 and 9 MPa which indicates that these samples are softer than the ones made from cellulose (cellulose microfibers taken from raw paper are very long, ∼1-2 mm). This could make the sample suitable for placing in biological tissues.
The FTIR spectra of pristine halloysite and CHAG-HNTs (6 wt%) are shown in Fig. 1 . The peak at 3694 cm −1 and 3622 cm −1 can be assigned to the O-H stretching vibration of the inner-surface Al-OH groups and inner Al-OH groups between the interface of the Si-O tetrahedron and the Al-O octahedron in halloysite. The stretching vibration of the Si-O network corresponds to the peak at 1026 cm −1 . Despite the low concentration of halloysite and interference from other components, the peaks for each of the elements can be seen in the experimental samples.
Water uptake (swelling properties)
Swelling properties during liquid uptake by the scaffolds can indicate the diffusion, adsorption and exchange of nutrients and waste throughout the entire scaffold. Chitosan is a hydrophilic substance due to an abundant number of hydrophilic groups which can promote water uptake in the structure. 52 The water uptake ability was evaluated by embedding of dry scaffolds in distilled water at 37°C for 72 h (Fig. 7B ). Doping the scaffolds with halloysite has significantly affected the swelling properties. In the first 15 min all the samples increased their weight by 4-7.5 fold. In the case of the control scaffold without the addition of halloysite, this rapid weight increase elongated up to 3 h. Then during the last 69 h the swelling ratio of the control sample was stabilized. The scaffold with 3 wt% halloysite showed the fastest water uptake but the resulting swelling ratio was identical to the control. The water uptake behaviour of the samples with the highest concentration of halloysite was different from that demonstrating the secondary increase of the weight between 3 and 24 h of Fig. 8 A scheme of the cell-free scaffold subcutaneous implantation (Aincision, Bscaffold implantation, Csuture treated with brilliant green). Da general view of the subcutaneous peri-implant area after 3 weeks after transplantation indicating the scaffold disposition and new formation of connective tissue and blood vessels. the experiment. This phenomenon might be caused by the slow water uptake by the inner lumens of nanotubes. The swelling experiments indicated that the addition of halloysite can greatly improve the hydrophilicity and wetting of composite scaffolds. The incorporation of halloysite nanotubes into the scaffolds increases the water uptake and subsequently improves the biocompatibility. The intrinsic properties of halloysite nanotubes can be used for further improving the biocompatibility of scaffolds by the loading and sustained release of different bioactive compounds. This opens the prospect for fabrication of scaffolds with defined properties for directed differentiation of cells on matrixes due to gradual release of differentiation factors.
In vivo analysis of scaffolds' biocompatibility
The halloysite-free and doped with 6 wt% of halloysite scaffolds were implanted subcutaneously into rats ( Fig. 8A-C) . After 3 and 6 weeks after implantation, the rats were euthanized and histological sections were prepared from biopsies of all major organs (brain, kidney, liver, heart, spleen, lymph nodes, testicles) and the newly formed tissue surrounded the implanted scaffold. During the entire period of the experiment, no rejection was observed and the surgery wound in all experimental groups was healed on the 7th day. Histologically the scaffold material represented as a mesh substance with a foreign irregular structure which is located directly under the Fig. 10 Enhanced dark-field microscopy of the peri-implant subcutaneous area (different sections). Sections were made after 3 weeks after transplantation. Note the moderate release of halloysite nanotubes into the surrounding tissue. beams of the subcutaneous muscle and stained with eosin ( Fig. 8D) . After 3 weeks upon implantation, the overgrowth of the scaffold material with connective tissue was observed as the young granulation with moderate lymphohistiocytic infiltration. The granulations by separate strands penetrate into the sponge-like scaffold material with approximately one-third of its thickness. The connective tissue which replaces the substrate is filled with de novo formed blood vessels of different diameters. The pronounced reaction to a foreign body (the increase of giant multinucleated cells of foreign bodies and Langhans cells) after implantation of the scaffolds doped with halloysite was observed, none of which happened after implantation of halloysite-free scaffolds (Fig. 9) .
Noteworthily, no abnormalities were observed in all major organs in the case of implantation of scaffolds with and without halloysite nanotubes. We employed for the first time, enhanced dark-field microscopy to locate the halloysite nanotube distribution in the area of implantation. A moderate yield of nanotubes into the surrounding newly formed connective tissue bands was detected using dark-field microscopy of unstained histological thin paraffin sections ( Fig. 10) .
Soft tissues outside the newly-formed granulations do not exhibit any pronounced inflammatory reaction. Six weeks after implantation of scaffolds, no pathological changes in the internal organs were observed (data not shown). Complete resorption of the scaffold without halloysite has occurred with the growth of the connective tissue (Fig. 11C ). The scaffolds with halloysite remained in the form of separate small fragments, the thickness of the fibrous connective tissue capsule decreased, and the lack of multinucleated giant cells was observed (Fig. 11D) .
Formation of blood vessels at the implantation site is crucially important for the effective growth on implants. To determine the blood perfusion in the implantation area, we employed a laser Doppler analyser. During scanning, moving blood cells shift the light frequency according to the Doppler effect. The photodiode of the analyser collects the backscattered light, and the original light intensity variations are transformed into voltage (0-10 V), here the value of 0 V was calibrated as 0% perfusion and 10 V was calibrated as 100%. After scanning, a colour-coded image representing the blood flow distribution was captured. The electrical signal from the blood perfusion was subdivided into six different intervals which displayed as separate colours from dark blue (low or no perfusion) to red (highest perfusion interval). The analysis was performed after 3 and 6 weeks after implantation. Implantation of both types of implants (with and without halloysite) led to reduction in the blood supply to the local area of implantation to a level below 100 APU. However, after 6 weeks, the blood flow was completely restored to normal values above 100 APU (Fig. 12) .
Thus, the neo-vascularization observed in the new connective tissue which penetrated the scaffold material indicates that the investigated scaffolds are biocompatible and can induce the formation of new blood vessels (Fig. 8) . The results of the transplanted area biopsy demonstrate that the cryogelformed scaffolds doped with halloysite have a suitable porous interconnected network for the infiltration of the cells from the surrounded tissue or the blood cells. The infiltrative growth of the connective tissue within the implanted scaffold suggests the compatibility of its chemical composition and structure. The lack of well-manifested inflammation and rejection of implants also indicate the immunological biocompatibility of the scaffolds and thus suggest the possibility of their use as cell carriers for artificial tissue formation. The varying rate of scaffold resorption depending on the presence of nanotubes allows modulating the properties that can be used in the development of various tissue-engineering structures, mimicking a great variety of body tissues. Taking into account the shape memory of chitosan constructs 52 and the mechanical reinforcement outlined by halloysite nanotubes, 53 the scaffolds fabricated in this paper will be potentially well internalised in real applications.
Conclusion
We employed here the freeze-dry technology for fabrication of porous biopolymer hydrogels doped with halloysite nanotubes and demonstrated the biocompatibility and biodegradability of the resulting scaffolds in vitro and in vivo. We have demonstrated the enhancement of mechanical properties, biocompatibility and biodegradability of porous hydrogel scaffolds containing clay nanotubes. The addition of 3-6 wt% of halloysite nanotubes leads to a significant improvement of mechanical stability and wettability of the biopolymer scaffolds without harming the cell growth in vitro. The cell distribution and morphology showed that cells can be attached and grown well on halloysite-scaffolds. The in vivo study has shown the biocompatibility of these nanocomposite scaffolds in the organism of rats with a slight inflammatory effect without rejection of implants and with a 6 week period of degradation that was confirmed by histological examination. We have estimated the blood perfusion in the implanted area and observed the full restoration of blood supply in six weeks. These results confirm the great potential of chitosan-agarose-gelatine nano-composite porous scaffolds doped with halloysite in tissue engineering with potential for sustained nanotube drug delivery.
